The high prevalence of p53 mutations in human cancers and the suggestion from several groups that the presence or absence of p53 mutations might have both prognostic and therapeutic consequences point to the importance of optimal methods for p53 determination. Several strategies exploring this have been described, based either on mRNA or genomic DNA as a template. However, no comparative study on the reliability of the two templates has been performed. The principal aim of this study was to study the concordance of RNA-and DNA-based direct sequencing methods in detecting p53 mutations in breast tumors. In 100 tumors, 22 mutations were detected by both methods. Furthermore, one stop mutation, two splice-site mutations, and one intron alteration were found only by genomic sequencing. In addition, the comparative study suggests that cells with missense mutations have increased steady-state concentrations of p53-specific mRNA, in contrast to cells with a gene encoding a truncated protein.
Mutations in the p53 tumor suppressor gene are found at high frequency in a wide range of human cancers. In breast cancer, p53 mutations appear to be an early event in the progression of cancer [1] and occur in ϳ22% [2] of malignant breast tumors. The majority of these mutations occur as point mutations in the evolutionary conserved regions of the p53 gene, affecting the DNAbinding area of the protein. Mutation of one allele combined with loss of the second allele may result in uncontrolled expansion of the tumor, because generally a mutated p53 protein can neither attain its function as a check-point controller nor induce apoptosis or cellular repair. Loss of heterozygosity (LOH) in the 17p13 region harboring the p53 gene is observed in ϳ60% of breast cancer tumors, and only one-half or fewer of these show the second allele to be mutated [3] [4] [5] .
Overexpression of p53 protein is another property frequently observed in breast cancer cells where the p53 gene is mutated, and is associated with poor prognosis [6 -8] . The common explanation for this phenomenon is a prolonged half time of elimination for mutated proteins [9] . However, there are several conflicting examples [10, 11] . For instance, overexpressed native p53 protein appears in many tumors [3] as well as in normal cells after exposure to DNA-damaging agents [12] . In addition, Li-Fraumeni patients with one mutated p53 allele do not exhibit increased p53 protein concentrations in normal cells, but the same mutant accumulates to high amounts in tumor cells of the same patient [13] .
The high prevalence of p53 mutations in human cancers and the suggestion that the presence or absence of p53 mutations might have both prognostic and therapeutic consequences [14 -16] make direct sequencing methods for this gene attractive. Strategies have been described based on either mRNA [15] or genomic DNA [17] as a template. In PCR-single-strand conformation polymorphism, the number of mutations detected has been shown to be influenced by whether RNA or DNA was used as a target [18] . Despite this, no comparative study between these two sequencing methods has been performed.
In this report, we compare and evaluate sequencing assays by using RNA and DNA targets for various types of mutations and correlate their relationships with other variables, such as immunohistochemistry (IHC), LOH, and steady-state concentrations of mutated p53 mRNA.
Materials and Methods
Tissue specimens. One hundred breast cancer tumors were selected for genomic p53 analysis from a previous study of 316 patients relating prognostic information to p53 mRNA analysis [19] . After rejection of the smallest tumors, the 100 samples were selected at the Department of Pathology (University Hospital, Uppsala, Sweden). The IHC, S-phase, and aneuploidy data related to these samples have been published previously [15] . In short, for IHC staining, the anti-p53 monoclonal antibody 1801 (Biozac AB), which identifies both the wild-type and mutant p53 protein, was used, and the degree of staining was estimated according to the extent and intensity of staining by using a scale ranging from 0 (negative) to 9 (strong overall staining). A sample was considered positive if it stained as grades 1-9, irrespective of intensity or frequency of staining. The S-phase fraction was classified as high or low (cutoff point: 7% for diploid and 12% for aneuploid tumors, respectively).
Sample preparation. The method is outlined in Fig. 1 . To allow for analysis of tumor genomic DNA, microdissection was used to minimize the amount of stroma cells surrounding the infiltrating tumor cells (as shown in Fig.  2 ). Microdissection and sample preparation were performed as described previously [20] . Briefly, tumor nests containing as few as 50 cells were isolated from 16-m cryostat sections stained with methylene blue. After microdissection, where normal cells were removed, the cells to be analyzed were transferred to tubes containing 50 L of 10 mmol/L Tris-HCl, pH 8.3, and 50 mmol/L KCl. The microdissected cells were lysed by the addition of 2 L of proteinase K (20 mg/mL) at 56°C for 1 h. Proteinase K was heat-inactivated (95°C for 10 min) before outer PCR was performed. Preparation of tumor for RNA sample analysis ( Fig. 1 ) was performed by a total RNA extraction procedure, without microdissection, as described previously [15] . In short, a thin slice (ϳ5 ϫ 2 ϫ 2 mm) of the frozen tumor was cut and transferred to extraction solution (RNAzole ® ; Cinna Biotec, Inc.). The cells were disrupted by grinding with a micro pestle. The extraction was performed according to the method of Chevillard [21] and Chomczynski and Sacchi [22] and finally the precipitated RNA was dissolved in 50 L of diethyl pyrocarbonate-treated water containing 25 units of RNA Guard ® (Pharmacia Biotech AB). To prepare 25 L of cDNA for the RNA, samples were heated to 90°C for 3 min and transferred to ice. Moloney murine leukemia virus reverse transcriptase, RNA Guard, and cDNA-mix were subsequently added according to the method of Sjö gren et al. [15] . The reaction mix was incubated at 37°C for 1 h and finally heat-denatured at 90°C for 3 min and stored at Ϫ20°C until PCR reactions were performed. Thus, no precautions were taken to avoid normal cells in the mRNA analysis. The samples for DNA analysis contained ϳ50 -500 cells, whereas the RNA samples contained at least 1000-fold more cells.
Sample preparation of control samples. In a set of 16 control samples, genomic DNA and mRNA targets were processed in parallel by coextraction directly from the biopsy samples (without initial microdissection), resulting in exactly the same cell population being analyzed in the two assays. Five tumors were randomly selected from the 22 tumors containing mutations, as determined by both assays, and 11 additional, unrelated breast cancer samples were included that had been identified previously as mutated by the RNA target assay [19] . By coextraction according to the method of Chevillard [21] , DNA and RNA were separated into different phases and then analyzed in the same manner as the previous samples (starting from multiplex PCR for DNA and cDNA synthesis for RNA). Thus, a direct reflection of genomic DNA and corresponding mRNA content was achieved.
LOH analysis. Chromosomal DNA was analyzed for LOH by using polymorphic markers in or near the p53 locus. Two microsatellites, the AAAAT repeat located in intron 1 and the CA repeat located downstream of exon 11, together with the polymorphic sites at codons 72 and 213, were used for LOH determination. The microsatellites were analyzed according to the method of Pontén et al. [23] . In short, microdissected tumor and corresponding normal tissue were amplified separately by a duplex single PCR, with one primer in each pair labeled with biotin, for 35 cycles. The PCR templates were purified by use of streptavidin-coated paramagnetic beads (Dynabeads ® M-280 Streptavidin; Dynal AS) and denatured with NaOH. The eluted strands were neutralized with HCl and mixed with formamide. A fraction of each mixture was analyzed with Fragment Manager TM (Pharmacia Biotech AB). The presence or absence of LOH was determined by comparing the signals of the two alleles in a tumor sample with the corresponding normal samples. In addition, LOH was determined in mutated/polymorphic samples by DNA sequence peak ratios. For mutated positions, a mutated peak signal markedly Ͼ50% directly indicated LOH.
Thermocycling. PCR amplification of chromosomal DNA was performed as described previously [17] . Briefly, exons 4 to 9 of the human p53 gene and the HLA-DQB1 locus were amplified in a multiplex/nested configuration. The outer multiplex amplification was performed in one tube with 14 primers for 30 cycles by using both AmpliTaq ® and Stoffel AmpliTaq ® polymerase (Perkin-Elmer). After dilution (a 25-fold dilution for exons 4, 5, 7, and 8 and HLA and a 100-fold dilution for exons 6 and 9), the inner region-specific amplifications were performed (30 cycles). cDNA samples were amplified in four separate PCR reactions (38 cycles) with overlapping primer pairs covering exons 2 to 11, as described by Sjö gren et al. [15] . Thus, in both approaches, the p53 region was divided into multiple smaller fragments. All amplifications were performed by using a Perkin-Elmer 9600 thermocycler.
Direct solid-phase sequencing of p53 PCR products. One of the inner PCR primers for each fragment was labeled with biotin to facilitate solid-phase sequencing of PCR templates by the use of paramagnetic beads (Dynabeads M-280 Streptavidin; Dynal AS) for DNA analysis or plastic combs (AutoLoad ® kit; Pharmacia Biotech AB) for RNA analysis, as solid support. Solid-phase sequencings were essentially performed according to the methods of Berg et al. [17] for DNA analysis and Sjö gren et al. [15] for RNA analysis and analyzed on an automated laser fluorescent sequencer apparatus (ALF TM ; Pharmacia Biotech AB). The sequences were finally compared with the wild-type p53 sequence. All DNA and cDNA sequence alterations were reconfirmed by a repeated analysis of lysed cells or cDNA, respectively. For determination of mutation to wild-type signal in mutated samples, the PCR and following sequencing were repeated at least twice, the relative peak areas were estimated, and the mean value was reported. By this procedure, an indirect measurement of the residual amounts of normal cells in mutated samples can be obtained (if LOH analysis is performed in parallel) by estimation of the ratio between normal and altered DNA at polymorphic (mutated) positions. In the same manner, the ratio of mutated mRNA can be obtained from the RNA sequences.
Results
Mutation analysis. One hundred breast cancer samples were compared by DNA sequencing of the p53 with genomic DNA microdissected from tumor lesions or RNA from homogenized tumor tissue as outlined in Fig. 1 . All DNA and cDNA sequence alterations were reconfirmed by a repeated analysis of lysed cells or cDNA, respectively. In addition, LOH was performed on the microdissected material.
All together, 26 samples with specific mutations were identified by the genomic DNA target assay; 23 of these alterations were located within the exons. Twenty-two mutations were detected by the RNA target assay (Table  1 ). In the sequences obtained from most tumors with mutations, the wild-type sequence could also be observed, which, because these tumors had loss of the wild-type allele, can be concluded to have originated from infiltrating or surrounding normal cells. Estimates of the mutated sequence to the background wild-type sequence (in a percentage of sequence peak signals) for all 26 samples are shown in Table 1 .
Missense mutations. Both assays identified 19 missense mutations. An important observation is that the mutated: wild-type ratios were consistently higher or equal in the RNA analysis than in the DNA analysis for all missense mutations (Table 1) , as exemplified in Fig. 3 . Thus, although we did not select for tumor cells by microdissection in the RNA assay, there was a higher tumor-specific signal for the RNA sample than for the DNA sample. All 19 tumors with missense mutations and increased mRNA concentrations stained positive with the p53 monoclonal antibody (Table 1) .
Truncating mutations. Six samples detected by the DNA assay, presented in Table 1 , carried genomic mutations likely to yield truncated gene products (splice junctions and frame-shift or stop codon mutations); three of these were detected by using the mRNA assay, whereas two splice-site mutations and one stop codon mutation were not identified. Both splice-site mutations are located at the evolutionary conserved GT-junctions, which are known to be critical in the splicing process [24] . An additional alteration (sample 111), located 12 bp into the intron, as identified by the DNA assay, did not show any alteration in the mRNA analysis. The detected truncated mutations showed relatively less mutated mRNA in the sequence analysis compared with the mutated:wild-type ratio in the corresponding DNA sequence analysis. Although the exact transcription amounts in tumor and surrounding normal tissues remain to be determined, the steady-state concentrations of mRNA in the cells with p53 gene Clinical Chemistry 44, No. 3, 1998 encoding truncated proteins seem not to be increased in the same way as the cells containing missense mutations. None of the tumors with truncated p53 product and relatively low mRNA concentrations stained with p53 monoclonal antibody (Table 1) .
Correlation with IHC and LOH. The tumors were analyzed by IHC using the p53 monoclonal antibody Pab 1801, which recognizes both native and mutated p53 proteins. Twenty-one tumors stained positive for the p53 protein, 19 of these had missense mutations, and 2 had wild-type sequence. None of the tumors with stop/splice-site or frameshift mutations stained positive. The overall results are presented in Table 1 . The LOH analysis, performed on the microdissected samples, was primarily based on microsatellite analysis of two polymorphic repeat sequences, a penta-nucleotide (AAAAT) repeat located in intron 1 and a di-nucleotide (CA) repeat downstream of exon 11. In addition, sequencing data for samples heterozygous for codon 72 were used. In a few cases, the amount of contaminating normal cells in the tumor sample was too high for accurate determination. The different variables used for LOH analysis correlated well. When we used the independent assays for LOH, 81 of the 100 samples were informative. Of informative tumors with mutations, 21 of 22 had loss of the other allele (Table 1) . Overall, 37 of 81 informative tumors retained both wild-type p53 alleles intact, and 22 retained one wild-type allele intact and deleted the other. Thus, 43 of 81 (53%) breast cancer tumors had LOH.
Control analysis.
To confirm the previous observation that the RNA-based approach facilitates detection of missense mutations as a result of increased steady-state concentrations of mutated mRNA in tumors, control analyses were performed to exclude the possibility that previous comparative analyses were biased because of the slightly different cell populations used. A set of cancer tissue samples were analyzed, where DNA and RNA were coextracted, to achieve a direct comparison. Because no initial microdissection was performed, the contribution of normal cells was expected to be considerable. Sixteen samples (11 with missense mutations and 5 with truncating mutations) were analyzed by sequencing both mRNA and genomic DNA extracted from identical cell populations.
Missense mutations. In the majority of samples with missense mutations (7 of 11), the relative mRNA concentrations were clearly increased (Table 2) ; one example is shown in Fig. 3 . In the remaining four samples, the contribution of normal cells was negligible (both the RNA and the DNA assay showed close to a 100% signal for the mutated allele), making comparison of little value (Table 2) .
Truncating mutations. In contrast, the ratios of mutated to wild-type sequence for the truncating mutations were very similar in the DNA-and the RNA-based assay (Table  2) , i.e., for this group of samples, no enhancement in peak signals of the mutated alleles was observed by using the RNA approach. 
Discussion
A detailed, sequence-based analysis of the p53 gene from 100 breast cancer tumor samples was performed, comparing the use of chromosomal DNA with extracted total RNA as templates. This has allowed evaluation of RNA sequencing vs DNA sequencing, along with analysis of relationships between immunohistology, steady-state concentrations of mRNA, LOH, and types of mutation in breast cancers.
Generally, methods based on genomic DNA templates require great care to avoid normal cells in the tumor sample. A fine-tuned microdissection procedure [20, 23] has been established as a straightforward method to prepare cancer cells relatively free from normal cells. Obviously, the p53 alleles from both normal and cancer cells will be amplified with similar efficiencies. Because the sequencing analysis in the end yields a compound signal of the two sequences, corresponding to the ratio of normal and cancer cells, mutation detection is virtually impossible in a sample that is Ͻ25-30% tumor cells [25] . An advantage with the DNAbased method is that no extractions or precipitations have to be performed before the PCR, thus substantially decreasing the inherent problems of contamination. The method used here for DNA analysis covers only exons 4 to 9; thus, for full coverage of the p53 gene, exons 2, 3, 10, and 11 also need to be incorporated, requiring additional primers and optimization. The RNA method is, in contrast, a more efficient approach to cover the whole gene because the exons are joined in vivo by splicing. However, great care has to be taken to obtain fresh biopsies for the analysis, and an additional enzymatic step using reverse transcriptase must be performed. The strong correlation between IHC analysis and missense mutations suggests overexpression of the mutated p53 proteins in these cells (Table 1 ). Our data indicate that this overexpression might be a result of higher steadystate concentrations of mutated p53 mRNA as determined by the increase in mutated sequence signal when using RNA, rather than DNA, as a template. Additional control analysis of identical cell populations (Table 2) showed examples where 10 -30% of the DNA content was mutated but as much as 60 -100% of the corresponding RNA content was mutated. The higher concentrations of RNA in these tumors do not appear to associate with higher S-phase (Table 1) . Thus, in contrast to previous observations [26, 27] , we suggest that increased mRNA concentrations may contribute to the accumulation of p53 protein. Furthermore, all informative cases with a missense mutation (15 of 19) had LOH. Our study, therefore, supports the view that inactivation of both alleles is essential for complete loss of p53 function [28, 29] .
All tumors with mutations in the p53 gene coding for truncated gene products (splice junctions, frameshifts, and stop codon mutations) were IHC negative ( Table 1) . One of the nonsense mutations and two splice-site mutations could not be detected by the RNA analysis. This finding suggests lower steady-state concentrations of RNA encoding these mutations, compared with missense mutations, which is also supported by the control samples (Table 2 ). This observation is in agreement with the "nonsense-mRNA-decay" theory [30] . Furthermore, one additional alteration 12 bp into intron 9 was not detected by the RNA approach; this alteration, however, may not have affected the splicing. The overall lower mutant signal, relative to wild-type sequence, in the RNA than in the DNA approach can possibly explain the negative IHC staining. Tumors are from patients 18 and 28 (see Table 1 ) and control sample 12A9 (see Table 2 ). The mutated nucleotide positions are indicated by arrows. Patients 18 and 28: The DNA assay shows a mixed sequence for both tumors, where 30% or less of the total peak signal corresponds to the mutated gene, showing a high ratio of normal cells in these samples (both tumors had loss of the wild-type allele). In contrast, the RNA sequence (bottom) for both samples shows almost 100% signal for the mutated nucleotide; i.e., the normal cells in these samples do not contribute any wild-type mRNA sequence. Control 12A9: Comparison of sequence data for sample 12A9 when using the exact same cell population. The DNA target sequencing shows that 10% of DNA in this sample is mutated, whereas the RNA target sequencing shows that 95% of the mRNA is mutated. Thus, the mutated p53 mRNA concentration is increased.
These results, including mutation-type analysis, mRNA concentrations, LOH, and IHC, suggest that breast cancer patients can be grouped into at least four distinct groups with very similar p53 characteristics. A first group of patients has missense mutations, increased mRNA concentrations, loss of the other allele, and positive IHC. A second group of patients has truncated gene products, normal or lower mRNA concentrations, loss of the other allele, and negative IHC. A third group has one allele deleted (LOH) but the other gene intact, and a fourth group has both p53 alleles intact. The three groups with p53 gene alterations (i.e., mutation, LOH, or both) all have higher fractions of S-phase and aneuploidy (data not shown) than the fourth group with both p53 alleles intact. Obviously, these subgroups, which may have distinct clinical characteristics in respect to prognosis or therapy responses, cannot be characterized and identified by a single methodology. In this comparative study, we have focused primarily on the sequencing methods for characterization of exact genetic alterations in the p53 gene. Through evaluation of using either mRNA or genomic DNA templates, we conclude that an RNA target assay can take advantage of increased mRNA concentrations in breast cancer cells with p53 missense mutations, simplifying detection of tumor-specific sequences. Thus, the laborative microdissection step is not needed, and the analysis can be used on rather "crude" biopsies. However, the assay may not be fully sufficient for the detection of nonsense or splice-site mutations. This might give rise to results that are interpreted as false negatives, which is probably unacceptable in future routine analyses, although the exact clinical implications for these mutations still are unknown. The main advantage of the DNA-based assay is that, when combined with microdissection, it can reliably identify all types of mutations and allows for parallel LOH analysis, which, when combined, can identify the members of each subgroup of cancer patients.
